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Review Emotional enhancement of memory: how 
norepinephrine enables synaptic plasticity
Keith Tully* and Vadim Y Bolshakov
Abstract
Changes in synaptic strength are believed to underlie learning and memory. We explore the idea that norepinephrine 
is an essential modulator of memory through its ability to regulate synaptic mechanisms. Emotional arousal leads to 
activation of the locus coeruleus with the subsequent release of norepineprine in the brain, resulting in the 
enhancement of memory. Norepinephrine activates both pre- and post-synaptic adrenergic receptors at central 
synapses with different functional outcomes, depending on the expression pattern of these receptors in specific neural 
circuitries underlying distinct behavioral processes. We review the evidence for noradrenergic modulation of synaptic 
plasticity with consideration of how this may contribute to the mechanisms of learning and memory.
Introduction
Specific cells and synapses within implicated neural cir-
cuits are recruited during learning, such that memory
allocation is not random but rather is regulated by precise
mechanisms which define where and how information is
stored within the neural network [1]. Nearly four decades
ago, Seymour Kety suggested that emotionally arousing
experiences may be associated with activation of the
locus coeruleus, sending adrenergic projections to differ-
ent regions of the brain (such as hippocampus, cortex and
cerebellum) [2]. Moreover, he proposed that activation of
β-adrenoreceptors by released norepinephrine (NE)
could result in facilitation of synaptic transmission
through the mechanism involving increases in the intrac-
ellular cAMP concentration and new protein synthesis,
thus contributing to the memory acquisition and mainte-
nance. It is currently hypothesized that synaptic plastic-
i t y ,  s p e c i f i c a l l y  l o n g - t e r m  p o t e n t i a t i o n  ( L T P ) ,  i n  t h e
neural circuits of learned behaviors could provide a cellu-
lar substrate of memory storage [3]. Consistent with
Kety's proposal, it has been demonstrated recently that
direct activation of the locus coeruleus initiated protein
synthesis-dependent LTP at the perforant path input to
the dentate gyrus in awake rats [4]. At the behavioral
level, there is overwhelming evidence that emotionally-
charged events often lead to the creation of vivid long-
lasting memories [5,6], in part due to a surge of norepi-
nephrine and subsequent stimulation of adrenergic
receptors in the nervous system [7,8], and, as a result,
improved memory consolidation [6]. Unexpectedly,
recent studies of the human subjects indicate that
although emotionally-charged events are remembered
better than emotionally neutral experiences, emotion
may enhance the subjective sense of recollection more
than memory accuracy [9].
The results of numerous previous experiments impli-
cate the amygdala in acquisition and retention of memory
for emotionally charged events [reviewed in [10-12]].
Thus synaptic enhancements in the conditioned stimulus
(CS) pathways to the lateral nucleus of the amygdala were
shown to contribute in the acquisition of fear memory to
the acoustic CS during auditory fear conditioning [13-
17]. It has been demonstrated also that the basolateral
amygdala can regulate consolidation of memories in
other regions of the brain [6,18]. The contribution of the
amygdala to modulating memory consolidation critically
depends on activation of β-adrenoreceptors in the BLA
[19-21]. According to the emotional tagging concept,
activation of the amygdala during emotionally arousing
events could mark the experience as important and aid in
enhancing synaptic plasticity in other regions of the brain
[22]. Consistent with this notion, it has been shown pre-
viously that the actions of NE in the BLA promote the
induction of LTP [23] and the expression of Arc protein,
implicated in mechanisms of synaptic plasticity and
memory formation, in the hippocampus [24]. On the
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other hand, plasticity in the auditory thalamus (specifi-
cally in the medial division of the medial geniculate
nucleus and posterior intralaminar nucleus), prior to pro-
jections to the LA, plays an essential role in auditory fear
conditioning [25,26]. This supports the notion that plas-
ticity in multiple regions of the brain may contribute to
the formation of fear memory [26].
Recent reviews have examined the role of the noradren-
ergic system in emotional memory [27], the influence of
norepinephrine on fear circuitry [28], and the function of
norepinephrine system in general [29]. Learning to recog-
nize important cues in our environment with emotional
salience, such as danger or altruistic social interactions, is
an essential survival mechanism. Thus evolution has
shaped our nervous system to robustly remember cues
that elicit emotion. While some emotional responses are
hard-wired into the brain's circuitry, many of them are
learned through experience [10]. How do we remember
emotionally charged events so well, and what does it tell
us about the mechanisms of memory storage in the brain?
Most of our experiences and information detected by our
senses are not remembered. How does our brain know
what events are important enough to be preserved for
long-term storage? One important clue comes from the
fact that the transition of the behavioral experiences into
memory likely arises from changes in the efficiency of
synaptic transmission in corresponding neuronal path-
ways [30-32,15]. In this review we will consider at the
level of changes in synaptic function how creation of
long-lasting memories during emotional arousal might be
linked to a surge of norepinephrine in specific neural cir-
cuits.
Mechanisms of NE production and routes of its 
delivery in the brain
Norepinephrine, also called noradrenaline, is a cate-
cholamine produced by dopamine β-hydroxylase [33]
which is released either as a hormone from the adrenal
medulla into the blood or as a neurotransmitter in the
brain. Norepinephrine in the brain is synthesized primar-
ily in neurons in the locus coeruleus and to a lesser extent
in the lateral tegmental field [29]. Within these neurons
norepinephrine is transported by vesicular monoamine
transporters into synaptic vesicles and carried along the
axons composing the noradrenergic bundle to the sites of
release [34] (Figure 1). These neurons send projections
throughout the brain where norepinephrine performs its
action upon release and binding to the G protein-coupled
adrenergic receptors. It is followed by degradation of nor-
epinephrine and/or its reuptake. There are two classes of
adrenergic receptors, α and β, with each of them divided
into several subtypes [35]. The subtypes of α receptors
include Gq-coupled α1receptors and Gi-coupled α2 recep-
tors. Activation of three different subtypes of β-receptors
(β1, β2, β3), linked to Gs proteins, results in a rise in the
intracellular cyclic AMP concentration and subsequent
PKA activation.
The locus coeruleus is a nucleus composed of mostly
medium-size neurons located within the dorsal wall of
the rostral pons in the lateral floor of the fourth ventricle
that serves as the principal site for synthesis of norepi-
nephrine in the brain [36]. The projections of the locus
coeruleus spread throughout the central nervous system,
with heavy innervation of the amygdala, brain stem, spi-
nal cord, cerebellum, hypothalamus, thalamic relay
nuclei, cingulate gyrus, hippocampus, striatum, basal tel-
encephalon, and the cortex [37]. The action of norepi-
nephrine in each neuroanatomical region is determined
by the expression patterns of the various adrenergic
receptor subtypes.
The role of NE in memory
The mechanisms of memory could be best understood
with the systematic application of associative learning
paradigms. Short-term memory is normally defined and
measured by retrieval tests that occur within the first few
Figure 1 Norepinephrine is synthesized from dopamine by dop-
amine β-hydroxylase in neurons of the locus coeruleus. Before the 
final β-oxidation, norepinephrine is transported into synaptic vesicles 
by a vesicual monoamine transporter. The vesicles are then transport-
ed along the axons comprising the noradrenergic bundle to release 
sites. At the synapse norepinephrine is released into the synaptic cleft 
where it binds to various pre- and post-synaptic adrenergic receptors 
which subsequently activate distinct G protein coupled signal cas-
cades.
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hours following the acquisition event, while long-term
memory is typically measured using retrieval tests that
occur at later times, following many hours or even days
after the memory was acquired [3]. Numerous animal
studies repeatedly demonstrated the role of adrenergic
system in consolidation of memory for emotionally sig-
nificant experiences [reviewed in refs. [6] and [38]]. In
experiments using in vivo microdialysis and high-perfor-
mance liquid chromatography (HPLC), NE release in the
rat amygdala was detected in response to footshock stim-
ulation which is usually used in inhibitory avoidance
training paradigm [39]. NE levels were increased to
approximately 75% above a basal concentration. Immobi-
lization and tail pinch in rats were also shown to increase
extracellular concentration of norepinephrine in the lat-
eral and basolateral amygdala, as measured by microdial-
ysis [40], leading to activation of adrenoreceptors present
throughout the amygdala complex [41,42]. These findings
w e r e  c o n s i s t e n t  w i t h  t h e  n o t i o n  t h a t  N E  r e l e a s e d  b y
arousing stimulation could be involved in the functional
regulation of neural circuits in the amygdala. Moreover,
the amount of NE released in the amygdala during inhibi-
tory avoidance training correlated strongly with 24-h
retention performance [43]. Infusions of the β-receptor
antagonist into the amygdala following inhibitory avoid-
ance training resulted in amnesia in rats [44], while intra-
amygdala injections of β-adrenergic agonists enhanced
memory consolidation [19,45].
The acquisition of conditioned fear memory could also
be modulated by pretraining manipulations of NE con-
centration in the amygdala [46]. Rats treated systemically
with the GABAA receptor antagonist picrotoxin, used in
t h e  m e m o r y - e n h a n c i n g  d o s e s ,  s h o w e d  a  s u b s t a n t i a l
increase in levels of NE in the amygdala, while systemic
injections of the memory impairing doses of the GABAA
receptor agonist muscimol resulted in decreased levels of
NE [47,6]. These findings supported the view that drugs
that are capable of modulating emotional memory, such
as GABAergic agonists and antagonists, may do so by
controlling the level of NE within the amygdala [18,47].
Thus animal experiments have generally shown that
injecting norepinephrine to various brain regions at times
when memories are encoded or shortly after the behav-
ioral training could enhance memory performance
[27,48]. Conversely, blocking adrenergic receptors (such
as β-type) could have a decremental effect on memory
[6,49] and prevent the increase of memory performance
during concurrent injections of the agonist [50]. Accord-
ing to a relatively recently proposed hypothesis, memory
reconsolidation could occur when memory is retrieved
and enters the labile state again, requiring additional pro-
tein synthesis for its transition into long-term memory
[51,52]. It appears that the process of reconsolidation
could also be modulated through activation of adrenore-
ceptors [53]. Based on cumulative evidence, release of NE
in the amygdala is essential for encoding and retention of
memories for the emotionally significant events.
Surprisingly, genetically-modified mice, in which the
dopamine β-hydroxylase gene was ablated, did not
exhibit any deficits in long-term fear memory following
single-trial fear conditioning [54]. This was an unex-
pected finding because NE is not produced in these mice.
It might be interesting to determine whether develop-
mental compensations in dopamine β-hydroxylase
knockout mice might be responsible for the lack of
changes in conditioned fear memory in the absence of NE
release during behavioral training. Moreover, postraining
systemic or intra-amygdala administration of the β-
antagonist propranolol had no effect on consolidation of
fear memory in rats [55]. It is possible, however, that the
concentration of propranolol in this study was too low to
prevent completely activation of β-adrenoreceptor by
endogenous NE, as the ability of amygala-injected pro-
pranolol to block consolidation of aversive memories was
previously demonstrated [44].
The human subject studies provided further evidence
that emotional arousal facilitates memory consolidation
in a way that can be blocked by the β-adrenergic receptor
antagonists, e.g. propranolol [6,38,56]. Thus, the block-
ade of β-adrenoreceptors impairs memory of an emotion-
ally arousing story but does not affect memory of a
closely matched emotionally neutral story [57]. In this
classic study, the subjects who received propranolol
remembered the emotional story no better than a neutral
story. More recently, Segal and Cahill using an adrenergic
biomarker showed that adrenergic activation relates
selectively to memory for emotional events in humans
[58]. One week after viewing a series of mixed emotional
and neutral images a surprise recall test showed endoge-
nous noradrenergic activation immediately after versus
before slide viewing that correlated with the percentage
of emotional pictures recalled. Functional magnetic reso-
nance imaging has shown that encoding of emotional
stimuli increases human amygdala responses, an effect
that is blocked by administration of a β-adrenergic antag-
onist [59-61]. Interestingly, it has been demonstrated
recently that emotional arousal could enhance the subjec-
tive sense of recollection enhancing confidence in the
accuracy of the memory [9]. In these experiments, brain
activity associated with remembering emotional and neu-
tral photos was measured in combination with behavioral
testing. In other words, emotionally arousing events may
boost the feeling of remembering without enhancing the
objective accuracy of memory [62].
By modulating memory for potentially threatening or
harmfulstimuli, norepinephrine may ensure adaptive
behavioral responses when such stimuli are encountered
in the future.Tully and Bolshakov Molecular Brain 2010, 3:15
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NE-mediated regulation of synaptic plasticity in the 
amygdala
Recent studies provide evidence that memory of fear
could be acquired and, perhaps, retained through the
mechanisms of LTP in the CS pathways [15,16]. The abil-
ity of glutamatergic synapses in fear conditioning circuits
to undergo LTP is tightly controlled by several neuro-
modulators, such as gastrin-releasing peptide [63], vesic-
ular Zn2+[64], or dopamine [65]. It has been
demonstrated recently that stathmin, a phosphoprotein
enriched in the amygdala and in the auditory CS and US
areas, can control fear memory by regulating the suscep-
tibility of cortico-amygdala and thalamo-amygdala syn-
apses to LTP [66]. Could synaptic plasticity in the circuits
underlying fear conditioning also be modulated by NE? A
persistent late phase of LTP (L-LTP) in cortical and thal-
amic inputs to the LA, which is induced by repeated high
frequency trains of presynaptic stimulation and is depen-
dent on new protein synthesis, was found to be mediated
by activation of β adrenoreceptors [67]. Conversely, acti-
vation of α2-adrenoreceptors impaired the induction of
LTP at projections from the LA to the basal nucleus of the
amygdala [68]. We have recently started exploring synap-
tic mechanisms by which norepinephrine might modu-
late plasticity in the CS pathways [69], linked to the
acquisition of conditioned fear memory to auditory stim-
ulation [10,12]. Although we found that norepinephrine
had no direct effect on baseline glutamatergic synaptic
transmission in thalamo-amygdala projections, by which
the auditory CS information is conveyed to the LA from
the auditory thalamus, the number of spikes triggered by
depolarizing current injections in amygdalar neurons was
increased in the presence of norepinephrine. This effect
on neuronal firing properties is consistent with the obser-
vation that norepinephrine can inhibit slow after-hyper-
polarization that follows trains of action potentials [70]
and hyperpolarization-activated cation currents [71]. To
examine the role of norepinephrine in modulation of syn-
aptic plasticity in thalamo-amygala pathway, we paired
stimulation of thalamic afferents with postsynaptic action
potentials induced in a recorded neuron with a short
delay after the presynaptic stimulus was delivered. This
experimental protocol induced LTP in the presence of the
GABAA  receptor antagonist picrotoxin but not when
GABAergic inhibition remained intact. While norepi-
nephrine had no facilitatory effect on LTP induced in the
presence of picrotoxin, the addition of norepinephrine to
the external medium allowed the induction of LTP under
conditions of intact inhibition when it otherwise would
not have occurred. This led us to conclude that norepi-
nephrine may enable the induction of LTP in thalamic
input to the lateral amygdala by suppressing inhibitory
GABAergic neurotransmission.
Consistent with the role of norepinephrine in the regu-
lation of inhibitory drive, it has been found previously
that norepinephrine reduced the frequency of spontane-
ous inhibitory postsynaptic currents in rat supraoptic
neurons [72]. We further showed that norepinephrine
reduced the frequency of spontaneous inhibitory post-
synaptic currents in the LA and reduced the peak ampli-
tude of disynaptic GABAergic inhibitory postsynaptic
currents, strengthening the notion that NE may permit
the induction of LTP by decreasing inhibition of principal
neurons by local circuit interneurons. On the other hand,
activation of α2-adrenoreceptors was shown previously to
result in inhibition of excitatory postsynaptic responses
in inputs to neurons in the basal nucleus, while activation
of β-adrenoreceptors led to the strengthening of gluta-
matergic neurotransmission at the same synapses [73].
Consistent with these earlier findings, we found that
application of norepinephrine in the presence of the α2
antagonist induced potentiation of thalamo-amygdala
synaptic responses, an effect that was reversed by the β-
adrenoreceptor antagonist. When norepinephrine was
applied in the presence of the β-adrenoreceptor antago-
nist, the synaptic response was reduced, an effect that
was partially reduced by the α2 antagonist. Thus, the
oppositely directed effects on synaptic transmission dur-
ing simultaneous activation of different adrenoreceptor
subtypes are likely to be mutually exclusive under base-
line conditions, but may allow for modulation during var-
ious behavioral processes in vivo. The ability of NE to
gate LTP at glutamatergic synapses through the NE-
induced suppression of GABAergic inhibition could, at
least in part, explain a well-known ability of the GABAer-
gic agonists and antagonist to suppress or promote mem-
ory mechanisms, respectively [18].
Modulation of plasticity in the hippocampus
While the amygdala presents us with one of the clearest
examples of how synaptic plasticity in a defined neural
circuitry could control fear-related behavioral responses,
the hippocampus is another important locus of the NE
actions linked to the mechanisms of learning and mem-
ory. Using labeled norepinephrine, it was directly demon-
strated that NE could be released in the hippocampus in
an activity-dependent fashion. Thus, NMDA application
was shown to induce the release of [3H] norepinephrine
preaccumulated in slices from the hippocampus in both
the dentate gyrus and the CA1 region [74]. A recent study
has shown that norepinephrine-driven phosphorylation
of GluR1 subunit may facilitate AMPA receptor traffick-
ing to synaptic sites and LTP induction in the hippocam-
pus [75]. The results of this work suggested that elevation
of norepinephrine concentration during emotional
arousal could lead to phosphorylation of GluR1, loweringTully and Bolshakov Molecular Brain 2010, 3:15
http://www.molecularbrain.com/content/3/1/15
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the threshold for the experience-driven synaptic modifi-
cations and facilitating the formation of memories. Spe-
cifically, norepinephrine application resulted in
phosphorylation of the GluR1 sites Ser845 and Ser831
which facilitated the synaptic delivery of GluR1 in CA1
neurons in the hippocampus. Moreover, norepinephrine
could enhance contextual fear memory formation and
LTP in wild-type mice but not in mice carrying mutations
in the GluR1 phosphorylation sites. Norepinephrine
application induced LTP when paired with a mild electri-
cal stimulation, but not when it was applied alone. This
indicates that synapses would undergo potentiation only
if they are activated within a limited time window of
emotional arousal associated with the surge of norepi-
nephrine in the brain.
This recent study builds on an existing literature sup-
porting a role of norepinephrine in the functioning of
hippocampal circuitry. Thus, it was reported previously
that norepinephrine could induce long lasting modifica-
tions of synaptic responses in the dentate gyrus in rats,
associated with differential actions on distinct projec-
tions (medial vs. lateral perforant paths) arising in the
entorhinal cortex [76]. The finding, that adrenergic
antagonists could block amphetamine-induced increases
in the dentate gyrus population spike in anesthetized rats
and that an adrenergic agonist enhanced responses to
NMDA, led to the conclusion that adrenergic receptors
enhance reactivity of hippocampal cells to afferent stimu-
lation [77]. It has been reported also that norepinephrine
regulates synaptic plasticity in the CA1 area of young rats
[78], causing a shift in the frequency-response relation-
ship for long-term depression (LTD) induced with the
low frequency theta-burst stimulation and LTP (observed
at higher frequencies), in the β-adrenoreceptor-depen-
dent fashion. Norepinephrine caused a shift toward
potentiation, with the effect of norepinephrine being
most prominent at intermediate frequencies, which
induced no changes in control slices but strong LTP in the
presence of norepinephrine. It has been found later that
an administration of norepinephrine in the CA1 region in
hippocampal slices prepared from more mature animals
allowed for more robust LTP under the conditions when
reduced LTP was normally observed [79]. The effects of
norepinephrine were mimicked by the α1-adrenoreceptor
agonist and were blocked by the α1-adrenoreceptor
antagonist, leading to the conclusion that the actions of
norepinephrine may shift during development. Activa-
tion of noradrenergic systems during emotional arousal
may enhance memory formation by inhibiting protein
phosphatases that normally oppose the induction of LTP,
because protein phosphatase inhibitors mimicked the
effects of β-adrenoreceptor activation that enabled the
induction of LTP during long trains of stimulation at CA1
synapses [80]. In the experiments on 6-hydroxydop-
amine-treated rats, lacking norepinephrine, it was shown
that LTP but not LTD was blocked at CA1 synapses,
while application of norepinephrine restored LTP and
blocked LTD [81]. This plasticity occurred through acti-
vation of β-adrenoreceptors and involved the cAMP/PKA
pathway. Importantly, several studies directly demon-
strated that activation of locus coeruleus neurons pro-
duces adrenoreceptor-mediated LTP-like synaptic
enhancements in the dentate gyrus [4,82-84]. The release
of NE in the hippocampus during emotionally-charged
events could thus modulate the hippocampus-dependent
forms of memory by controlling the induction of synaptic
plasticity at corresponding synapses in hippocampal neu-
ronal circuits.
The role of second messengers in regulation of 
synaptic plasticity by NE
The better understanding of the mechanisms by which
emotional arousal could enhance the brain's ability to
store, retain, and subsequently recall information, would
require a detailed characterization of the signaling path-
ways lying downstream of norepinephrine binding to
adrenergic receptors. Norepinephrine activates various
subtypes of adrenergic receptors, so it is not surprising
that evidence is accumulating for the differential roles of
signaling pathways tied to distinct receptor classes in syn-
aptic plasticity. Thus, the extracellular signal-regulated
MAP kinase (ERK) is activated by β-adrenoreceptors in
somas and dendrites of CA1 pyramidal neurons in a
PKA-dependent fashion [85]. It plays a regulatory role in
the induction of certain forms of LTP at the Schaffer col-
lateral-CA1 synapses. ERK was found to be required for
the early phase of LTP elicited by brief presynaptic stimu-
lation, as well as for LTP elicited by prolonged stimula-
tion paired with β-adrenoreceptor activation in CA1
pyramidal neurons. In a later study, coactivation of β-
adrenoreceptors and cholinoreceptors was found to
enhance LTP at CA1 synapses through convergent, syn-
ergistic activation of mitogen-activated protein kinase
[86]. In another work, synaptic stimulation, which was
subthreshold for the induction of late phase LTP (L-LTP),
triggered this form of plasticity when LTP-inducing stim-
ulation was delivered in the presence of the β-adrenore-
ceptor agonist [87]. The induction of this form of LTP
also required activation of ERK. Further research is
clearly needed to decipher the signaling cascades initi-
ated by the binding of norepinephrine to adrenergic
receptors linked to the various G proteins, mediating
activation of the specific signal transduction pathways
and implicating either adenylyl-cyclase (through Gi-cou-
pled α2 receptors and Gs-coupled β1, β2, and β3 recep-
tors) or phospholipase C (through Gq-coupled
α1receptors). This knowledge would result in under-Tully and Bolshakov Molecular Brain 2010, 3:15
http://www.molecularbrain.com/content/3/1/15
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standing of how second messengers may interact with the
mechanisms of synaptic plasticity in the brain in the con-
text of specific forms of learning and memory.
The effects of NE in other neural circuits
As the noradrenergic bundle sends projections through-
out the central nervous system, it is expected that norepi-
nephrine would modulate synaptic plasticity in other
neural circuits besides the hippocampus and amygdala.
Consistent with this prediction, it has been demonstrated
recently that activation of α2 adrenoreceptors by NE in
Purkinje cells could control short-term and long-term
associative plasticity at the parallel fiber synapses [88]. In
the cerebellar circuitry, norepinephrine was affecting
synaptic plasticity by decreasing the probability of release
at the climbing fiber synapse, which in turn decreased the
climbing fiber-evoked dendritic calcium signals. In addi-
tion, this study demonstrated that norepinephrine was
acting presynaptically to decrease the probability of neu-
rotransmitter release at climbing fibers but not at granule
cell parallel fibers. The reduction in dendritic calcium
elevation, associated with complex spikes, was indepen-
dent of postsynaptic G protein signaling. Moreover, acti-
vation of α2-receptors interfered selectively with the
induction of associative synaptic plasticity. Thus, nora-
drenergic modulation in this system could provide a
mechanism for context-dependent modulation of asso-
ciative plasticity and memory. In slices of the rat visual
cortex, paired-pulse stimulation in the presence of NE
resulted in a form of homosynaptic LTD [89]. This nora-
drenergic facilitation of LTD was blocked by the α1 recep-
tor antagonist and mimicked by the α1 agonist. In the
developing visual cortex in rats, LTP at inhibitory syn-
apses could be induced by the high frequency stimulation
when excitatory neurotransmission was blocked [90].
The induction of this form of LTP, mediated by presynap-
tic calcium entry, was facilitated by norepinephrine.
In several brain circuits, α2-adrenoreceptor-dependent
inhibition of excitatory glutamatergic signaling was
observed. Norepinephrine, acting at presynaptic α2
receptors, inhibited single fiber glutamatergic inputs
from the nociceptive pontine parabrachial nucleus to the
central amygdala [91]. This effect of NE, mediated by
d e c r e a s e s  i n  t h e  n u m b e r  o f  a c t i v e  r e l e a s e  s i t e s ,  c o u l d
potentially explain how norepinephrine can decrease
pain sensation under stress. Activation of presynaptic α2-
adrenoreceptors on inputs to sympathetic preganglionic
neurons in slices of neonatal rat spinal cord also
decreased glutamate release [92]. In these experiments,
norepinephrine produced dose-dependent and reversible
decreases in the amplitude of the excitatory postsynaptic
response. Interestingly, the previous experiments, using a
microdialysis technique to estimate the extracellular lev-
els of norepinephrine and glutamate in the bed nucleus of
the stria terminalis in rats, demonstrated that norepi-
nephrine could exert α2-dependent inhibition over both
its own and glutamate release [93]. At the calyx of Held
synapses, NE was shown to increase the high frequency
firing. This was associated with the initial suppression of
glutamatergic excitatory postsynaptic currents through
α2-dependent inhibition of calcium influx [94].
Taken together, these findings indicate, that while NE
can produce a variety of the effects on synaptic and neu-
ronal mechanisms in different regions of the brain, the
expression patterns of different NE receptor subtypes in
specific neural circuits could determine the resulting
functional outcome.
Modulation of GABAergic transmission by NE
Presently, there is substantial evidence that activation of
adrenoreceptors by norepinephrine can modulate
GABAergic inhibitory systems in the brain. Thus, activa-
tion of the locus coeruleus resulted in suppression of
feedforward interneurons in rat dentate gyrus, thereby
promoting conditions for the induction of synaptic plas-
ticity [95]. In the LA, NE was inducing hyperpolarizing
currents in local circuit interneurons leading to their
decreased excitability, and, therefore, to decreased feed-
forward inhibition of principal neurons [69]. This facili-
tated the induction of LTP at thalamo-amygdala
synapses. Additionally, there are multiple reports sug-
gesting that norepinephrine could, in fact, enhance inhi-
bition. Thus, NE excited medial septum and diagonal
band of Broca GABAergic neurons [96]. NE was shown
also to increase the frequency and the amplitude of
GABAergic inhibitory postsynaptic currents in substan-
tia gelatinosa [97]. In CA1 pyramidal neurons, norepi-
nephrine increased action potential-dependent
inhibitory postsynaptic currents by depolarizing sur-
rounding inhibitory interneurons [98]. It was reported
also that NE can potentiate the Purkinje cell responses to
GABA due to triggering the signaling cascade involving
Gs-linked β-adrenoreceptors activating the cAMP-
dependent pathway [99]. In the hypothalamic paraven-
tricular nucleus, NE was shown to increase the frequency
of spontaneous inhibitory synaptic current via postsyn-
aptic α1-adrenoreceptors and decrease it through activa-
tion of α2-adrenoreceptors on GABAergic terminals
[100]. As the susceptibility of central synapses to LTP is
determined by the strength of GABAergic inhibition, NE
can contribute to the behaviorally-induced plasticity in
the brain through its ability to modulate inhibitory inputs
to projection neurons.Tully and Bolshakov Molecular Brain 2010, 3:15
http://www.molecularbrain.com/content/3/1/15
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Conclusions
It is well established that emotional arousal modulates the
formation of memory, and a substantial literature, of
which only a fraction is cited in this review, points to a
critical role for the release of norepinephrine in such
modulation. The electrophysiological studies have begun
to elucidate how norepinephrine could modulate both
synaptic transmission and plasticity in specific neural cir-
cuits. Storing memories in the brain likely requires
changes in the number, structure, and function of syn-
apses [3]. Considerable progress has been made in relat-
ing the activity-dependent changes in synaptic strength
to the mechanisms of learning and memory [101]. It
appears that the mechanisms by which the release of nor-
epinephrine during emotional arousal affects memories
most likely involve modulation of synaptic plasticity in
corresponding neural circuits. As investigative technolo-
gies, allowing manipulating the expression of specific
proteins through genetic or epigenetic means, or tech-
niques for delivery of pharmacological agents to the spe-
cific sites in the brain mature over the coming decade, the
promise of therapeutic strategies for the treatment of a
host of mental illnesses may be realized. It is critical that,
in parallel, we understand in detail the mechanisms by
which norepinephrine may alter memory processing
through its interactions with the various pre- and post-
synaptic adrenoreceptors in specific neural circuits.
Abbreviations
AMPA: α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate; cAMP: Cyclic
adenosine monophosphate; ERK: extracellular signal-regulated kinase;GABA: γ-
aminobutyric acid; GluR1: AMPA receptor subunit; LTP: long-term potentiation;
LTD: long-term depression; MAPK: mitogen-activated protein kinase; NMDA: N-
methyl-D-aspartic acid; PKA: cAMP-dependent protein kinase
Competing interests
The authors declare that they have no competing interests.
Authors' contributions
K.T. and V.Y.B. wrote, read and approved the final manuscript
Acknowledgements
This work was supported by the National Institutes of Health Grants.
Author Details
Department of Psychiatry, McLean Hospital, Harvard Medical School, 115 Mill 
Street, Belmont, Massachusetts 02478, USA
References
1. Silva AJ, Zhou Y, Rogerson T, Shobe J, Balaji J: Molecular and cellular 
approaches to memory allocation in neural circuits.  Science 2009, 
326:391-5.
2. Kety SS: The biogenic amines in the central nervous system: their 
possible roles in arousal, emotion and learning.  In The neurosciences: 
second study program Edited by: Schmidt FO. New York: Rockefeller Press; 
1970:324-335. 
3. Kandel ER: The molecular biology of memory storage: a dialogue 
between genes and synapses.  Science 2001, 294:1030-1038.
4. Walling SG, Harley CW: Locus ceruleus activation initiates delayed 
synaptic potentiation of perforant path input to the dentate gyrus in 
awake rats: a novel beta-adrenergic- and protein synthesis-dependent 
mammalian plasticity mechanism.  Neurosci 2004, 24:598-604.
5. Cahill L, McGaugh JL: Mechanisms of emotional arousal and lasting 
declarative memory.  Trends Neurosci 1998, 21:294-9.
6. McGaugh JL: The amygdala modulates the consolidation of memories 
of emotionally arousing experiences.  Annu Rev Neurosci 2004, 27:1-28.
7. Crow TJ: Cortical synapses and reinforcement: a hypothesis.  Nature 
1968, 219:736-7.
8. Izquierdo I, Medina JH: Memory formation: the sequence of 
biochemical events in the hippocampus and its connection to activity 
in other brain structures.  Neurobiol Learn Mem 1997, 68:285-316.
9. Phelps EA, Sharot T: How (and why) emotion enhances the subjective 
sense of recollection.  Current Directions in Psychological Science 2008, 
17:147-152.
10. LeDoux JE: Emotion circuits in the brain.  Annu Rev Neurosci 2000, 
23:155-184.
11. Davis M, Whalen PJ: The amygdala: vigilance and emotion.  Mol 
Psychiatry 2001, 6:13-34.
12. Maren S, Quirk GJ: Neuronal signalling of fear memory.  Nat Rev Neurosci 
2004, 5:844-852.
13. McKernan MG, Shinnick-Gallagher P: Fear conditioning induces a lasting 
potentiation of synaptic currents in vitro.  Nature 1997, 390:607-611.
14. Rogan MT, Staubli UV, LeDoux JE: Fear conditioning induces associative 
long-term potentiation in the amygdala.  Nature 1997, 390:604-607.
15. Tsvetkov E, Carlezon WA, Benes FM, Kandel ER, Bolshakov VY: Fear 
conditioning occludes LTP-induced presynaptic enhancement of 
synaptic transmission in the cortical pathway to the lateral amygdala.  
Neuron 2002, 34:289-300.
16. Rumpel S, LeDoux J, Zador A, Malinow R: Postsynaptic receptor 
trafficking underlying a form of associative learning.  Science 2005, 
308:83-88.
17. Dityatev E, Bolshakov VY: Amygdala, LTP and fear conditioning.  
Neuroscientist 2005, 11:75-88.
18. McGaugh JL, Cahill L, Roozendaal B: Involvement of the amygdala in 
memory storage: Interaction with other brain systems.  Proc Natl Acad 
Sci USA 1996, 93:13508-13514.
19. Ferry B, McGaugh JL: Clenbuterol administration into the basolateral 
amygdala post training enhances retention in an inhibitory avoidance 
task.  Neurobiol Learn Mem 1999, 72:8-12.
20. Power AE, Thal LJ, McGaugh JL: Lesions of the nucleus basalis 
magnocellularis induced by 192 IgC-saporin block memory 
enhancement with post-training norepinephrine in the basolateral 
amygdala.  Proc Natl Acad Sci USA 2002, 99:2315-2319.
21. LaLumiere RT, Buen TV, McGaugh JL: Post-training intra-basolateral 
amygdala infusions of norepinephrine enhance consolidation of 
memory for contextual fear conditioning.  Neurosci 2003, 23:6754-6758.
22. Richter-Levin G, Akirav I: Emotional tagging of memory formation - in 
the search for neural mechanisms.  Brain Res Brain Res Rev 2003, 
43:247-56.
23. Ikegaya Y, Nakanishi K, Saito H, Abe K: Amygdala beta-noradrenergic 
influence on hippocampal long-term potentiation in vivo.  Neuroreport 
1997, 8:3143-3146.
24. McIntyre CK, Miyashita T, Setlow B, Marjon KD, Steward O, Guzowski JF, 
McGaugh JL: Memory-influencing intra-basolateral amygdala drug 
infusions modulate expression of Arc protein in the hippocampus.  
Proc Natl Acad Sci USA 2005, 102:10718-10723.
25. McEchron MD, Green EJ, Winters RW, Nolen TG, Schneiderman N, McCabe 
PM: Changes of synaptic efficacy in the medial geniculate nucleus as a 
result of auditory classical conditioning.  Neurosci 1996, 16:1273-1283.
26. Han JH, Yiu AP, Cole CJ, Hsiang HL, Neve RL, Josselyn SA: Increasing CREB 
in the auditory thalamus enhances memory and generalization of 
auditory conditioned fear.  Learn Mem 2008, 15:443-453.
27. van Stegeren AH: The role of the noradrenergic system in emotional 
memory.  Acta Psychol (Amst) 2008, 127:532-41.
28. Rodrigues SM, LeDoux JE, Sapolsky RM: The influence of stress 
hormones on fear circuitry.  Annu Rev Neurosci 2009, 32:289-313.
29. Smythies J: Section III. The norepinephrine system.  Int Rev Neurobiol 
2005, 64:173-211.
30. Bliss TV, Collingridge GL: A synaptic model of memory: long-term 
potentiation in the hippocampus.  Nature 1993, 361:31-9.
31. Malenka RC, Nicoll RA: Long-term potentiation - a decade of progress?  
Science 1999, 285:1870-4.
Received: 23 November 2009 Accepted: 13 May 2010 
Published: 13 May 2010
This article is available from: http://www.molecularbrain.com/content/3/1/15 © 2010 Tully and Bolshakov; licensee BioMed Central Ltd.  This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. Molecular Brain 2010, 3:15Tully and Bolshakov Molecular Brain 2010, 3:15
http://www.molecularbrain.com/content/3/1/15
Page 8 of 9
32. Martin SJ, Grimwood PD, Morris RG: Synaptic plasticity and memory: an 
evaluation of the hypothesis.  Annu Rev Neurosci 2000, 23:649-711.
33. Coyle JT: Biochemical aspects of neurotransmission in the developing 
brain.  Int Rev Neurobiol 1977, 20:65-103.
34. Casey RP, Njus D, Radda GK, Seeley J, Sehr PA: The biochemistry of the 
uptake, storage, and release of catecholamines.  Horiz Biochem Biophys 
1977, 3:224-56.
35. Wikberg JE: Adrenergic receptors: classification, ligand binding and 
molecular properties.  Acta Med Scand Suppl 1982, 665:19-36.
36. Jones BE, Moore RY: Ascending projections of the locus coeruleus in the 
rat. Autoradiographic study.  Brain Research 1977, 127:23-53.
37. Loizou LA: Projections of the nucleus locus coeruleus in the albino rat.  
Brain Res 1969, 15:563-6.
38. McGaugh JL: Memory - a century of consolidation.  Science 2000, 
287:248-51.
39. Gallvez R, Mesches M, McGaugh JL: Norepinephrine release in the 
amygdala in response to footshock stimulation.  Neurobiol Learn Mem 
1996, 66:253-257.
40. Tanaka T, Yokoo H, Mizoguchi K, Yoshida M, Tsuda A, Tanaka M: 
Noradrenaline release in the rat amygdala is increased by stress: 
studies with intracerebral microdialysis.  Brain Res 1991, 544:174-6.
41. Rainbow TC, Parsons B, Wolfe BB: Quantitative autoradiography of beta 
1- and beta 2-adrenergic receptors in rat brain.  Proc Natl Acad Sci USA 
1984, 81:1585-9.
42. Ordway GA, Gambarana C, Frazer A: Quantitative autoradiography of 
central beta adrenoceptor subtypes: comparison of the effects of 
chronic treatment with desipramine or centrally administered l-
isoproterenol.  Pharmacol Exp Ther 1988, 247:379-89.
43. McIntyre CK, Hatfield T, McGaugh JL: Amygdala norepinephrine levels 
after training predict inhibitory avoidance retention performance in 
rats.  Eur J Neurosci 2002, 16:1223-1226.
44. Gallagher M, Kapp BS, Musty RE, Driscoll PA: Memory formation: 
evidence for a specific neurochemical system in the amygdala.  Science 
1977, 198:423-425.
45. Hatfield T, McGaugh JL: Norepinephrine infused into the basolateral 
amygdala post training enhances retention in a spatial water maze 
task.  Neurobiol Learn Mem 1999, 71:232-239.
46. Schulz B, Fendt M, Schnitzler HU: Clonidine injections into the lateral 
nucleus of the amygdala block acquisition and expression of fear-
potentiated startle.  Eur J Neurosci 2002, 15:151-157.
47. Hatfield T, Spanis C, McGaugh JL: Response of amygdalar 
norepinephrine to footshock and GABAergic drugs using in vivo 
microdialysis and HPLC.  Brain Res 1999, 835:340-345.
48. McGaugh JL, Introini-Collison IB, Cahill LF, Castellano C, Dalmaz C, Parent 
MB, Williams CL: Neuromodulatory systems and memory storage: role 
of the amygdala.  Behav Brain Res 1993, 58:81-90.
49. Cahill L, McGaugh JL: The neurobiology of memory for emotional 
events: adrenergic activation and the amygdala.  Proc West Pharmacol 
Soc 1996, 39:81-4.
50. Liang KC, Juler RG, McGaugh JL: Modulating effects of posttraining 
epinephrine on memory: involvement of the amygdala noradrenergic 
system.  Brain Res 1986, 368:125-33.
51. Nader K, Schafe GE, Le Doux JE: Fear memories require protein synthesis 
in the amygdala for reconsolidation after retrieval.  Nature 2000, 
406:722-726.
52. Dudai Y: Reconsolidation: the advantage of being refocused.  Curr Opin 
Neurobiol 2006, 16:174-8.
53. Przybyslawski J, Roullet P, Sara SJ: Attenuation of emotional and 
nonemotional memories after their reactivation: role of beta 
adrenergic receptors.  Neurosci 1999, 19:6623-8.
54. Murchison CF, Zhang XY, Zhang WP, Ouyang M, Lee A, Thomas SA: A 
distinct role for norepinephrine in memory retrieval.  Cell 2004, 
117:131-43.
55. Debiec J, LeDoux JE: Disruption of reconsolidation but not 
consolidation of auditory fear conditioning by noradrenergic blockade 
in the amygdala.  Neuroscience 2004, 129:267-272.
56. LaBar KS, Cabeza R: Cognitive neuroscience of emotional memory.  Nat 
Rev Neurosci 2006, 7:54-64.
57. Cahill L, Prins B, Weber M, McGaugh JL: Beta-adrenergic activation and 
memory for emotional events.  Nature 1994, 371:702-4.
58. Segal SK, Cahill L: Endogenous noradrenergic activation and memory 
for emotional material in men and women.  Psychoneuroendocrinology 
2009, 34:1263-71.
59. Strange BA, Dolan RJ: Beta-adrenergic modulation of emotional 
memory-evoked human amygdala and hippocampal responses.  Proc 
Natl Acad Sci USA 2004, 101:11454-8.
60. Strange BA, Hurlemann R, Dolan RJ: An emotion-induced retrograde 
amnesia in humans is amygdala- and beta-adrenergic-dependent.  
Proc Natl Acad Sci USA 2003, 100:13626-31.
61. van Stegeren AH, Goekoop R, Everaerd W, Scheltens P, Barkhof F, Kuijer JP, 
Rombouts SA: Noradrenaline mediates amygdala activation in men and 
women during encoding of emotional material.  Neuroimage 2005, 
24:898-909.
62. Sharot T, Delgado MR, Phelps EA: How emotion enhances the feeling of 
remembering.  Nature Neurosci 2004, 7:1376-1380.
63. Shumyatsky GP, Tsvetkov E, Malleret G, Vronskaya S, Hatton M, Hampton L, 
Battey JF, Dulac C, Kandel ER, Bolshakov VY: Identification of a signaling 
network in lateral nucleus of amygdala important for inhibiting 
memory specifically related to learned fear.  Cell 2002, 111:905-918.
64. Kodirov SA, Takizawa S, Joseph J, Kandel ER, Shumyatsky GP, Bolshakov VY: 
Synaptically released zinc gates long-term potentiation in fear 
conditioning pathways.  Proc Natl Acad Sci USA 2006, 103:15218-15223.
65. Bissiere S, Humeau Y, Luthi A: Dopamine gates LTP induction in lateral 
amygdala by suppressing feedforward inhibition.  Nat Neurosci 2003, 
6:587-592.
66. Shumyatsky GP, Malleret G, Shin RM, Takizawa S, Tully K, Tsvetkov E, 
Zakharenko SS, Joseph J, Vronskaya S, Yin D, Schubart UK, Kandel ER, 
Bolshakov VY: Stathmin, a gene enriched in the amygdala, controls 
both learned and innate fear.  Cell 2005, 123:697-709.
67. Huang YY, Martin KC, Kandel ER: Both protein kinase A and mitogen-
activated protein kinase are required in the amygdala for the 
macromolecular synthesis-dependent late phase of long-term 
potentiation.  Neurosci 2000, 20:6317-25.
68. DeBock F, Kurz J, Azad SC, Parsons CG, Hapfelmeier G, Zieglgänsberger W, 
Rammes G: Alpha2-adrenoreceptor activation inhibits LTP and LTD in 
the basolateral amygdala: involvement of Gi/o-protein-mediated 
modulation of Ca2+-channels and inwardly rectifying K+-channels in 
LTD.  Eur J Neurosci 2003, 17:1411-24.
69. Tully K, Li Y, Tsvetkov E, Bolshakov VY: Norepinephrine enables the 
induction of associative long-term potentiation at thalamo-amygdala 
synapses.  Proc Natl Acad Sci USA 2007, 104:14146-50.
70. Faber ES, Sah P: Independent roles of calcium and voltage-dependent 
potassium currents in controlling spike frequency adaptation in lateral 
amygdala pyramidal neurons.  Eur J Neurosci 2005, 22:1627-35.
71. Cathala L, Paupardin-Tritsch D: Effect of catecholamines on the 
hyperpolarization-activated cationic Ih and the inwardly rectifying 
potassium I(Kir) currents in the rat substantia nigra pars compacta.  Eur 
J Neurosci 1999, 11:398-406.
72. Wang YF, Shibuya I, Kabashima N, Setiadji VS, Isse T, Ueta Y, Yamashita H: 
Inhibition of spontaneous inhibitory postsynaptic currents (IPSC) by 
noradrenaline in rat supraoptic neurons through presynaptic alpha2-
adrenoceptors.  Brain Res 1998, 807:61-9.
73. Ferry B, Magistretti PJ, Pralong E: Noradrenaline modulates glutamate-
mediated neurotransmission in the rat basolateral amygdala in vitro.  
Eur J Neurosci 1997, 9:1356-64.
74. Andres ME, Bustos G, Gysling K: Regulation of [3H]norepinephrine 
release by N-methyl-D-aspartate receptors in minislices from the 
dentate gyrus and the CA1-CA3 area of the rat hippocampus.  Biochem 
Pharmacol 1993, 46:1983-7.
75. Hu H, Real E, Takamiya K, Kang MG, Ledoux J, Huganir RL, Malinow R: 
Emotion enhances learning via norepinephrine regulation of AMPA-
receptor trafficking.  Cell 2007, 131:160-73.
76. Dahl D, Sarvey JM: Norepinephrine induces pathway-specific long-
lasting potentiation and depression in the hippocampal dentate 
gyrus.  Proc Natl Acad Sci USA 1989, 86:4776-80.
77. Segal M, Markram H, Richter-Levin G: Actions of norepinephrine in the 
rat hippocampus.  Prog Brain Res 1991, 88:323-30.
78. Katsuki H, Izumi Y, Zorumski CF: Noradrenergic regulation of synaptic 
plasticity in the hippocampal CA1 region.  Neurophysiol 1997, 
77:3013-20.Tully and Bolshakov Molecular Brain 2010, 3:15
http://www.molecularbrain.com/content/3/1/15
Page 9 of 9
79. Izumi Y, Zorumski CF: Norepinephrine promotes long-term 
potentiation in the adult rat hippocampus in vitro.  Synapse 1999, 
31:196-202.
80. Thomas MJ, Moody TD, Makhinson M, O'Dell TJ: Activity-dependent 
beta-adrenergic modulation of low frequency stimulation induced LTP 
in the hippocampal CA1 region.  Neuron 1996, 17:475-82.
81. Yang HW, Lin YW, Yen CD, Min MY: Change in bi-directional plasticity at 
CA1 synapses in hippocampal slices taken from 6-hydroxydopamine-
treated rats: the role of endogenous norepinephrine.  Eur J Neurosci 
2002, 16:1117-28.
82. Harley C: Noradrenergic and locus coeruleus modulation of the 
perforant path-evoked potential in rat dentate gyrus supports a role 
for the locus coeruleus in attentional and memorial processes.  Prog 
Brain Res 1991, 88:307-21.
83. Walling SG, Nutt DJ, Lalies MD, Harley CW: Orexin-A infusion in the locus 
ceruleus triggers norepinephrine (NE) release and NE-induced long-
term potentiation in the dentate gyrus.  Neurosci 2004, 24:7421-6.
84. Harley CW: Norepinephrine and the dentate gyrus.  Prog Brain Res 2007, 
163:299-318.
85. Winder DG, Martin KC, Muzzio IA, Rohrer D, Chruscinski A, Kobilka B, 
Kandel ER: ERK plays a regulatory role in induction of LTP by theta 
frequency stimulation and its modulation by beta-adrenergic 
receptors.  Neuron 1999, 24:715-26.
86. Watabe AM, Zaki PA, O'Dell TJ: Coactivation of beta-adrenergic and 
cholinergic receptors enhances the induction of long-term 
potentiation and synergistically activates mitogen-activated protein 
kinase in the hippocampal CA1 region.  Neurosci 2000, 20:5924-31.
87. Gelinas JN, Nguyen PV: Beta-adrenergic receptor activation facilitates 
induction of a protein synthesis-dependent late phase of long-term 
potentiation.  Neurosci 2005, 25:3294-303.
88. Carey MR, Regehr WG: Noradrenergic control of associative synaptic 
plasticity by selective modulation of instructive signals.  Neuron 2009, 
62:112-22.
89. Kirkwood A, Rozas C, Kirkwood J, Perez F, Bear MF: Modulation of long-
term synaptic depression in visual cortex by acetylcholine and 
norepinephrine.  Neurosci 1999, 19:1599-609.
90. Komatsu Y, Yoshimura Y: Activity-dependent maintenance of long-term 
potentiation at visual cortical inhibitory synapses.  Neurosci 2000, 
20:7539-46.
91. Delaney AJ, Crane JW, Sah P: Noradrenaline modulates transmission at a 
central synapse by a presynaptic mechanism.  Neuron 2007, 56:880-92.
92. Miyazaki T, Kobayashi H, Tosaka T: Presynaptic inhibition by 
noradrenaline of the EPSC evoked in neonatal rat sympathetic 
preganglionic neurons.  Brain Res 1998, 790:170-7.
93. Forray MI, Bustos G, Gysling K: Noradrenaline inhibits glutamate release 
in the rat bed nucleus of the stria terminalis: in vivo microdialysis 
studies.  Neurosci Res 1999, 55:311-20.
94. Leao RM, Von Gersdorff H: Noradrenaline increases high-frequency 
firing at the calyx of held synapse during development by inhibiting 
glutamate release.  Neurophysiol 2002, 87:2297-306.
95. Brown RA, Walling SG, Milway JS, Harley CW: Locus ceruleus activation 
suppresses feedforward interneurons and reduces beta-gamma 
electroencephalogram frequencies while it enhances theta 
frequencies in rat dentate gyrus.  Neurosci 2005, 25:1985-91.
96. Alreja M, Liu W: Noradrenaline induces IPSCs in rat medial septal/
diagonal band neurons: involvement of septohippocampal GABAergic 
neurons.  Physiol 1996, 494(Pt 1):201-15.
97. Baba H, Goldstein PA, Okamoto M, Kohno T, Ataka T, Yoshimura M, Shimoji 
K: Norepinephrine facilitates inhibitory transmission in substantia 
gelatinosa of adult rat spinal cord (part 2): effects on somatodendritic 
sites of GABAergic neurons.  Anesthesiology 2000, 92:485-92.
98. Bergles DE, Doze VA, Madison DV, Smith SJ: Excitatory actions of 
norepinephrine on multiple classes of hippocampal CA1 interneurons.  
Neurosci 1996, 16:572-85.
99. Cheun JE, Yeh HH: Noradrenergic potentiation of cerebellar Purkinje 
cell responses to GABA: cyclic AMP as intracellular intermediary.  
Neuroscience 1996, 74:835-44.
100. Han SK, Chong W, Li LH, Lee IS, Murase K, Ryu PD: Noradrenaline excites 
and inhibits GABAergic transmission in parvocellular neurons of rat 
hypothalamic paraventricular nucleus.  Neurophysiol 2002, 87:2287-96.
101. Sigurdsson T, Doyere V, Cain CK, LeDoux JE: Long-term potentiation in 
the amygdala: a cellular mechanism of fear learning and memory.  
Neuropharmacology 2007, 52:215-27.
doi: 10.1186/1756-6606-3-15
Cite this article as: Tully and Bolshakov, Emotional enhancement of mem-
ory: how norepinephrine enables synaptic plasticity Molecular Brain 2010, 
3:15